Given the economic and environmental importance of allopolyploids and other species with 12 highly duplicated genomes, there is a need for accurate genotyping methodology that 13 distinguishes paralogs in order to yield Mendelian markers. Methods such as comparing 14
Introduction

27
Highly duplicated genome sequences are common throughout the plant kingdom. These include 28 recent allopolyploids such as wheat, cotton, canola, strawberry, and coffee, as well as species 29 with evidence of ancient whole genome duplication such as maize and legumes. This 30 phenomenon is also present in the animal kingdom, for example allopolyploidy in the model frog 31
Xenopus, as well as an ancient tetraploidization event followed by diploidization in salmonid 32
fishes. For species in which paralogous sequences no longer pair at meiosis, accurate separation 33 of paralogs in DNA and RNA sequence analysis, including reference genome assembly, remains 34 challenging (Dufresne, Stift, Vergilino, & Mable, 2014) . This separation of paralogs is 35 especially important in variant calling, because SNPs and indels will not behave in a Mendelian 36 fashion if the reads from which they originate were not all aligned to a single Mendelian locus 37 (Kaur, Francki, & Forster, 2012 to quantify heterozygosity when multiple types of heterozygote are possible. Another approach 55
is to filter loci that have read depth above an arbitrary threshold (Catchen, Amores, Hohenlohe, 56 Cresko, & Postlethwait, 2011), although due to differences in amplification efficiency based on 57 fragment size and GC content, this method could fail to filter some paralogs while filtering other 58 non-paralogous loci. Peterson with separated paralogs, we also present an algorithm that utilizes our statistic to sort sequence 100 tags into their correct alignment locations. We extend our Bayesian genotype calling software 101 polyRAD (Clark, Lipka, & Sacks, 2019) to implement the novel statistic and algorithm. 102
Materials and Methods
103
The Hind statistic
104
Here we describe a novel statistic, Hind, that is based on sequence read depth across all alleles at 105 a given locus and sample and is agnostic of genotype calls, inheritance mode, and ploidy. It is 106 related to observed heterozygosity, HO, which in a diploid can be thought of as a matrix of ones 107 and zeros indicating whether the genotype at each sample*locus is heterozygous. Hind is instead 108 a number ranging from zero to one, indicating the probability that if two sequencing reads were 109 sampled without replacement at that sample*locus, they would represent different alleles. The 110 abbreviation "ind" stands for "individual", as it is calculated for each individual before averaging 111 across a population. It can be calculated for SNP loci or for multiallelic haplotype-based loci, as 112 long as allelic read depth is available. 113
The expected mean value for Hind in a natural population of diploids or polysomic polyploids is: 114
where k is the ploidy, HE is the expected heterozygosity at the same locus, and F is the 116 inbreeding coefficient. The reasoning behind this is HE that is the probability that two alleles 117 drawn at random from the population will be different, (1 -F) is the probability that two alleles 118 randomly drawn from an individual will not be identical by descent, and (k -1)/k is the 119 probability that two sequencing reads originated from different chromosome copies. Multiplied 120 together, these three terms yield the probability that two sequence reads from one sample at one 121 locus will be different from each other. 122
If we divide Hind by HE: 123
we now have a statistic that is only dependent on ploidy and inbreeding, two parameters that we 125 will assume to be consistent across samples and loci. 126
In a mapping population, the term HE * (1 -F) must be replaced by the probability, for a given 127 locus, that two locus copies in a progeny will be different alleles. This requires knowledge of the 128 ploidy, parental genotypes, and population design including number of generations of 129 backcrossing and self-fertilization. This probability, which we will call HE.map, can be estimated 130 by simulation of the cross. The expectation is then: Averaged across n individuals with two or more reads at a given locus in a natural population, 145 the expectation is then: 146
In a mapping population, ̂, is estimated in the same way. HE.map is estimated from parental 148 genotypes and population design, and the expected average ratio within a locus is given in Eqn. 149
3. 150
Algorithm to correct tag alignment locations via optimization of Hind/HE
151
We implemented an algorithm in Python 3 to adjust alignment locations of sequence tags in 152 order to optimize Hind/HE for each locus in a natural population, with the goal of getting the 153 statistic at or below the expected value. The algorithm assumes that paralogous loci are 154
represented separately in the reference genome, and represent "diverged duplicates" according to 155 the terminology of Limborg et al. (2016) , meaning that they do not have any alleles in common.
156
(When paralogous loci do have alleles in common, the algorithm is generally expected to fail to 157
optimize Hind/HE, and as a result will filter the loci from the dataset.) Where there may be 158 multiple "best" alignments of a tag to a reference genome, or the best alignment may be 159 incorrect, the algorithm uses Hind/HE to choose the correct alignment location for each tag. allow the aligner to identify one alignment location for each of three putative paralogs. If the 169 aligner found four (or more) alignments for a given tag, the tag would be assumed to be from a 170 region that is more highly duplicated than expected, and would be discarded by our algorithm. 171
Otherwise, our algorithm groups tags into putative sets of paralogous loci if they have the same, 172 or overlapping, unordered set of alignment locations. Groups of tags are then filtered out of the 173 analysis if they don't meet a minimum threshold for number of individuals with more than zero 174 reads (100 individuals by default). 175
Within each group of tags identified in the above step, our algorithm then attempts to assign tags 176 to alignment locations. Tags are initially assigned to the location where they best aligned, as 177 measured by the number of mutations (NM values from Bowtie2 output), or a random location if 178 they aligned equally well to more than one. Each location is then treated as a putative Mendelian 179 locus, with the tags assigned to that location being alleles. Hind/HE is then estimated for each 180 putative Mendelian locus. 181
If Hind/HE for any putative locus exceeds the expected value, tags are rearranged among 182 paralogous loci based on negative associations among alleles, similarly to the method described 183
by Clark and Schreier (2017) . This step is based on the principle that if two alleles belong to 184 different loci, their copy numbers in the organism will be independent, whereas if two alleles 185 belong to the same locus, more copies of one allele will be associated with fewer copies of the 186 other and vice versa. For every pair of tags g and h within a group of putative loci, in every 187 individual a depth ratio r is calculated for both tags, indicating what proportion of reads belonged 188
to that tag, excluding reads from the other tag: 189
A one-tailed Kendall's Tau test is then used to determine if these read depth ratios are negatively 191 correlated between tags g and h. Tags are initially grouped if the p-value for their association is 192 0.1 or less, but if any of these groups exceed the expected value for Hind/HE, the p-value 193 threshold is reduced by a factor of 10 until no groups can be made or no groups exceed the 194 expected value for Hind/HE. These association groups are then treated as one unit throughout any 195 remaining tag swapping steps, i.e. negatively associated tags will always be assigned to the same 196 locus. If any association group is split among the putative loci that were determined by 197 alignment quality, the entire group is moved to the locus where the majority of tags had been 198 previously assigned, or a random locus in the case of a tie. 199
The putative loci are again evaluated to determine if their Hind/HE exceeds the expected value. If 200 any locus does exceed the expected value, a tabu search (Glover, 1989 ) is performed to attempt 201 to find a better arrangement of tags among isoloci. For each iteration of the tabu search, all 202
"neighbors" to the current solution are examined, where a neighbor solution involves one tag (or 203 group of negatively associated tags) being relocated from one locus to another. The neighbor 204 solution at which Hind/HE across all putative loci exceeds the expected value by the minimum 205 amount, or, in the case of a tie, where the number of mutations between tags and the reference 206 sequence is lowest, is considered the best solution. Twenty-five iterations of the tabu search are 207 performed, with the five most recent best solutions being considered "tabu" to encourage 208 exploration of the solution space. The best solution, again first in terms of Hind/HE and then in 209 terms of number of mutations from the reference, found across all 25 iterations is output as the 210 optimal solution. 211
Ideally, after this algorithm has run, all tags for a group of alignment locations have been 212 arranged such that no locus has a Hind/HE greater than the expected value of (1 -F)(k -1)/k. 213
However, to filter out non-Mendelian loci, allowing for some Mendelian loci to exceed the 214 expected value due to sampling error, loci are discarded from the output dataset if Hind/HE 215 exceeds 216 Eqn. 10: exp ( log(
(1− )( −1) )+log(
i.e. if the putative locus more closely resembles a Mendelian locus from twice the expected 218 ploidy than one from the expected ploidy. 219
Implementation in polyRAD 220
Functions for estimating Hind/HE and Hind/HE.map are available in polyRAD v1.2 and are named 221
HindHe and HindHeMapping, respectively. Both utilize an internal Rcpp function for fast 222 calculation, take a RADdata object as input, and return a matrix of values, with samples in rows 223
and loci in columns. The mean value across rows can then be used to get a per-sample estimate, 224 for identifying individuals that are interspecies hybrids or unexpected ploidies. The mean value 225 across columns can be used to get a per-locus estimate for filtering paralogous loci. 226
Python scripts for correction of tag alignment are also distributed with polyRAD v1.2, along with 227 a vignette describing their use. The process_sam_multi.py script takes a SAM file and 228
TagTaxaDist file and outputs sorted and filtered sets of tags and their depths, grouped by sets of 229 alignment locations. The readProcessSamMulti function in polyRAD can import data from 230 these files to a RADdata object, allowing the user to get a preliminary look at the distribution of 231
Hind/HE for the sake of filtering samples and estimating inbreeding. The process_isoloci.py script 232
can then be used to determine the correct alignment location for each tag, and the output of the 233 script can be imported to polyRAD using the readProcessIsoloci function, after which genotype 234 calling can be performed using one of several existing polyRAD functions. 235
PolyRAD v1.2 is currently available on GitHub, and can be installed using 236 devtools::install_github("lvclark/polyRAD"). 237 which two paralogs from Miscanthus correspond to one alignment location. We found that 285 variance of Hind/HE increased considerably as read depth decreased, suggesting a mean read 286 depth of five to ten as a reasonable cutoff for making use of the statistic for filtering loci (Fig. 1) . 287
Datasets for testing
As mean read depth increased above 100 in our dataset, however, loci tended to have Hind/HE 288 values above the expectation for a Mendelian locus, suggesting that most loci at this depth and 289 higher were in fact collapsed paralogs ( Figs. 1 and 2) . 290
When a mean depth of five was used as a cutoff and the M. sinensis genome was used as a 291 reference, the peak Hind/HE value was slightly below 0.5 for diploids and 0.75 for tetraploids 292 (Fig. 2) , indicating some inbreeding, likely due to population structure (Clark, Jin, et al., 2019). 293
A second peak was observed at a higher value of Hind/HE (Fig. 2) , likely representing sets of tags 294 that belonged to different Mendelian loci despite aligning to the same location (i.e. 295 misalignments). When S. bicolor was used as the reference genome, the opposite trend was 296 observed, where most loci had a Hind/HE above the expected value, indicating collapsed paralogs, 297 but a second peak was observed closer to the expected value, indicating regions in the S. bicolor 298 genome that may only have synteny with one region of the M. sinensis genome (Figs. 1 and 2) . 299
Although the peaks overlapped somewhat, they were distinct enough that a reasonable threshold 300 for identifying putative collapsed paralogs could be visually determined (Fig. 2, top panel) . 301
Moreover, although the diploid and tetraploid datasets were processed separately, they were 302 largely in agreement about which loci were Mendelian and which were collapsed paralogs ( Fig.  303 2, bottom panel), suggesting that the filtering performed in one population can be applied to 304 another population, which could be especially useful for populations that are too small for 305 accurate estimation of Hind/HE. 306
In both the diploid and tetraploid datasets, the distribution and peak values of Hind/HE were 307 similar regardless of whether biallelic SNPs or multiallelic, haplotype-based markers were used 308 (Fig. 3) . However, the variance of Hind/HE was approximately 20% higher when SNPs were 309
used, suggesting that the higher information content of multiallelic markers improves the 310 precision of Hind/HE estimates. shown with the dashed line. The statistic was estimated for 10,458 SNPs, as well as those same 330
SNPs phased into 3710 haplotype-based, multiallelic loci. 331 332
By individual, Hind/HE reflects ploidy and hybrid status
333
In addition to evaluating the mean Hind/HE within loci, we also obtained the mean statistic within 334 individuals in order to assess the utility of the statistic for determining ploidy. We found that 335
Hind/HE increased with ploidy, largely independent of read depth (Fig. 4) . Although the 336 distributions overlapped too much for Hind/HE to be a conclusive indicator of ploidy, it could still 337 potentially be used to identify outlier individuals whose ploidy should be confirmed by other 338 means (e.g. flow cytometry). Additionally, because our dataset included many hybrid 339 individuals, we were also able to observe that Hind/HE values were considerably higher in hybrids 340 than in non-hybrids, reflecting higher heterozygosity (Fig. 4) . Using correlations between alleles followed by a tabu search, our algorithm was able to optimize 352
Hind/HE at or below the expected value for both loci in 51% of all pairs of loci (Fig. 5) . In 63% 353 of these cases, rearranging by allele correlations alone was sufficient to find the optimum 354 solution, while for the remainder very few tabu reps were typically necessary (Fig. 5 ). When the 355 algorithm was not able to lower Hind/HE to the expected value, more tabu reps tended to be 356 necessary to arrange sequence tags into putative loci with the minimum Hind/HE (Fig. 5) . 357
Future versions of this preprint will evaluate the accuracy of the sorting pipeline on simulated 358
data, demonstrate improved power for genome-wide association when the pipeline is used to 359 recover loci that would otherwise be discarded, and explore the properties of Hind/HE.map in 360 mapping populations. While Hind/HE can be used, in combination with other metrics, to assess locus quality, this should 377 be performed with an understanding of what biological and technical phenomena can cause it to 378 deviate from the expected value. Inbreeding from any source will lower the expected value 379 below (k -1)/k; this includes not only self-fertilization and preferential mating with relatives, but 380 also population structure, which is why we observed values below (k -1)/k even in self-381 incompatible, wind-pollinated M. sacchariflorus (Figs. 2, 3, 4) . A benefit of this, however, is 382 that as long as ploidy is known, Hind/HE can be used to estimate inbreeding, either at the 383 population or individual level, directly from sequence read depth. Conversely, individuals that 384 are hybrids between species or between highly diverged populations, as well as DNA samples 385
that are an accidental mix of two or more individuals, may have Hind/HE above the expected 386 value (Fig. 4) . Strong selection for homozygotes or heterozygotes at particular loci would be 387 expected to lower and raise Hind/HE, respectively. 388
At the locus level, a Hind/HE that exceeds the expected value can be an indication that alleles are 389 derived from paralogous loci rather than a true Mendelian locus. More broadly, if all alleles 390 truly belong to a single locus, then the expected value is (1 -F)(k -1)/k. However, if a set of 391 random, independent alleles were assigned to one putative locus, the expected value of Hind/HE 392 would be one, because the probability of sampling reads from two different alleles within one 393
individual would be the same as the probability of sampling reads from two different alleles in 394 the general population. A Hind/HE of zero could indicate a cytoplasmic marker, because while 395 there may be variation in the population, each individual would only be expected to possess 396 reads from one allele. Loci with highly overdispersed read depth distributions due to technical 397 issues such as differential fragment size or variation in library preparation would also be 398 expected to have Hind/HE below expectations; it may be advantageous to filter these from the 399 dataset as they will tend to yield poor-quality genotype calls. 400
The expected value of Hind/HE is independent of read depth, number of individuals sampled, and 401 the allele frequency. However, we expect all of these factors to influence the variance of the 402 estimate. As there is no generalized formula to estimate the variance of a ratio, the variance of 403
Hind/HE cannot be estimated mathematically. We recommend instead simulating data for 404
Mendelian loci given the ploidy, inbreeding, sample size, and distribution of read depth and 405 allele frequency observed in the dataset of interest. The distribution of Hind/HE across simulated 406 loci then can be used to determine cutoff values for filtering loci in the empirical dataset. In 407 future versions of polyRAD we plan to provide such a simulation function, and in future versions 408 of this preprint we will quantify variance due the above factors. We expect that variance will 409 increase as read depth, sample size, and minor allele frequency decrease. For this reason, the 410 process_sam_multi.py script included with polyRAD by default ignores sets of haplotypes for 411 which fewer than 100 samples have reads, and the readProcessIsoloci function by default does 412 not import loci with a median read depth below ten; alleles may be assigned inaccurately to such 413 loci due to the high variance in Hind/HE estimation. Depending on the downstream application, 414
we recommend weighing the number of markers needed versus the importance of marker quality 415 when determining a median read depth threshold for filtering markers generated by 416 process_sam_multi.py. 417
Hind/HE is more useful for detecting paralogs when haplotypes are treated as alleles (i.e. loci can 418 be multiallelic), as opposed to when all loci are treated as biallelic SNPs, simply due to the fact 419
that multiallelic markers are more information-rich than biallelic markers for the same 420 distribution of minor allele frequencies. We observed that, for the same set of SNPs in M. 421 sacchariflorus, the median value of Hind/HE per locus was very similar regardless of whether they 422
were phased into haplotypes within the span of a single RAD tag, but the variance in Hind/HE was 423 about 20% higher for SNPs vs. haplotypes (Fig. 3) . This improved power and information 424 content is why polyRAD generally imports multiallelic, haplotype-based genotypes rather than 425
SNPs as the default. Other methods for marker calling in highly duplicated genomes have also 426 benefitted from the use of haplotype information (J. P. Clevenger & Ozias-Akins, 2015; Tinker 427 et al., 2016). 428
Uses of the Hind/HE statistic
429
We anticipate that locus filtering to be the most common application of the Hind/HE statistic, with 430 major advantages being that it is not confounded by read depth or allele frequency and can be 431 estimated prior to genotype calling. Stringency of filtering should depend on the genotype 432 quality needed for downstream analysis; for example parentage analysis and QTL mapping are 433 more sensitive to genotyping errors, whereas genome-wide association studies and estimations of 434 population structure from principal components analysis are less sensitive. Missing data rate, 435 median read depth, and minor allele frequency are common criteria that should be used in 436 combination with Hind/HE to determine which loci to retain for downstream analysis. The use of 437 observed heterozygosity, read depth ratios within genotypes, and number of haplotypes per 438 individual, however, are redundant with Hind/HE and unnecessary if it has already been used for 439
filtering. In addition to its use in highly duplicated genomes, Hind/HE can be used for marker 440 filtering in less duplicated genomes where occasional paralogs are still an issue. 441
Because Hind/HE is an indicator of whether a group of alleles belong to the same Mendelian 442 locus, we developed a variant calling pipeline that chooses among multiple alignment locations 443 for sequence tags in an effort to optimize the value of Hind/HE. Using this pipeline, loci can be 444 recovered that would otherwise be discarded due to paralogy. Output of our variant calling 445 pipeline can be passed directly to polyRAD for genotype calling, or, because the output contains 446 alignment location and read depth in user-friendly CSV format, to a custom genotype calling 447 pipeline. 448
Although less accurate for determining ploidy than techniques such as flow cytometry, when 449 averaged within individuals Hind/HE can be used to identify individuals whose ploidy might 450 deviate from expectations and should be confirmed. If flow cytometry is not an option, several 451 other tools exist for the estimation of ploidy directly from next-generation sequencing data 452 (Kyriakidou, Tai, Anglin, Ellis, & Strömvik, 2018). Lastly, Hind/HE could be potentially useful 453
for improving reference genome assemblies, increasing the value of complementing a de novo 454 assembly with a resequencing or genotyping-by-sequencing effort in a large population or 455 diversity panel. Regions of the reference genome that contain collapsed paralogs are expected to 456 have inflated Hind/HE values, which could be visualized in a smoothed plot of Hind/HE vs. 457 alignment position. 458
